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l. INTRODUCTION 
Because of its low price and its favourable thermodynamic 
features calcined limestone (i.e. CaO) is a candidate sorbent 
for both non-regenerative and regenerative d sulphurization 
of coal gas. To enable the design of an absorber in which coal 
gas is desulphurized with calcined limestone, the kinetics of 
reaction (R1) should be known: 
CaO + H2S--~ CaS + H20. (R1) 
These have been studied by many investigators, a.o. by 
Westmoreland et al. (1977), Borgwardt et al. (1984), Ab- 
basian et al. (1993) and Heesink and Van Swaaij (1995). 
Nevertheless, there is no consensus yet about the sulphida- 
tion mechanism, Borgwardt et al. (1984) state that a non- 
porous product layer is formed and that solid-state diffusion 
of H2S through the sulphided product layer (i.e. CaS) to- 
wards the unreacted CaO is rate determining. However, 
Heesink and Van Swaaij (1995) suggest hat the product 
layer remains porous and that reaction at the surface of the 
unreacted CaO determines the rate of sulphidation. 
When a non-porous product layer is formed upon sul- 
phidation, the overall sulphidation rate would be propor- 
tional to the concentration ofadsorbed H2S at the surface of 
the product layer which consists of sulphided limestone. 
Assuming that the adsorption equilibrium remains estab- 
lished, the apparent reaction order in H2S would thus be 
determined by the absorption behaviour of H2S on sul- 
phided limestone. However, if the product layer remains 
porous and reaction at the surface of the unreacted CaO 
would be rate determining, the reaction order would be 
determined by the adsorption behaviour of H2S on un- 
reacted CaO. 
To gain a better insight in the sulphidation mechanism, in
this study the adsorption behaviour of H2S on sulphided 
limestone was examined. If a non-porous product layer is 
formed upon sulphidation, the experimental results of 
Heesink and Van Swaaij (1995), showing a reaction order of 
0.5 in H2S at temperatures between 500 and 700°C and H2S 
pressures varying from 50 to 12,000 Pa (see Fig. 1), should be 
confirmed by the outcome of the adsorption measurements. 
If not, a porous product layer is most probably formed and 
the rate of sulphidation is determined by reaction at the 
unreacted CaO surface. 
2. EXPERIMENTAL 
Adsorption isotherms were determined according to the 
transient response method, i.e. by measuring the break- 
through of H2S at the outlet of a packed bed of sulphided 
limestone particles. The applied experimental set-up is 
shown in Fig. 2. The packed-bed reactor (PBR) consisted of 
a quartz tube with a diameter of 3.5 cm and a length of 
80 crn, which was heated by two ovens (type Heraeus RO 
4/25) placed in series. The first oven, covering 40 cm of the 
PBR, was used to preheat the gas. The second oven enclosed 
the bed of sulphided limestone which had a length of 30 cm. 
Preheat zone and bed were separated by a gas distributor 
made of sintered quartz. The thermocouple needed for tem- 
perature control was placed in between the inner wall of the 
second oven and the outer wall of the PBR and not inside the 
bed to avoid any H2S adsorbing at the thermocouple. Before 
experiments were started the axial temperature profile inside 
the bed was measured. The maximum temperature d viation 
was found to be no more than 5°C. 
With the help of electronic mass flow controllers a mixture 
of 4 vol% Hz and balance helium was composed. Before 
leading the mixture through the PBR, it was first sent 
through a bed of BASF R3-11 catalyst o remove traces of 
02 possibly present in the applied gases. In this way gradual 
oxidation of CaS towards CaSO~ was prevented. Either H2S 
or Ar was added stepwise to the gas mixture to measure 
breakthrough behaviour. Whereas Ar was added before the 
catalyst bed, H2S was supplied behind the bed to avoid 
poisoning of the catalyst. All gases were taken from bottles. 
Part of the PBR effluent was sent to a Varian 920 thermal 
conductivity detector (TCD) for analysis. The TCD was 
connected to a computer for data acquisition. 
The experimental procedure was as follows. First the bed 
was heated up while purging with a gas mixture containing 
4 vol% Hz in He. The applied H2 concentration agrees with 
the concentration that was used by Heesink and Van Swaaij 
(1995) when measuring sulphidation kinetics. The flow rate 
was fixed at 250 ml (STP) rain- '. Once the desired temper- 
ature had been reached, Ar was instantaneously added to the 
gas stream. At the same time the collection of TCD data was 
started. After the TCD outlet signal had stabilized, the set- 
point for the argon mass flow controller was increased in- 
stantaneously resulting in a new breakthrough curve "on 
top" of the previous one. By performing this procedure 
several times a series of breakthrough curves was obtained. 
This procedure was then repeated with HzS instead of Ar 
applying equal partial pressures. Breakthrough curves of Ar 
and H2S were also measured with an empty PBR. These 
curves were used to correct for the difference between the 
residence times of Ar and H2S (note that H2S was added 
further downstream than Ar) and for possible adsorption of 
H2S at the internal surface of the lines and the PBR. The raw 
TCD data were transformed into breakthrough curves by 
the help of a spreadsheet program. A typical result is shown 
in Fig. 3. The areas limited by the breakthrough curves of 
H2S and Ar, which are a measure of the (incremental) 
amount of HzS adsorbed by the bed, were calculated numer- 
ically. By adding up the areas that were subsequently ob- 
tained in one series, adsorption isotherms could be obtained. 
At the end of an experiment, he bed was purged with the 
He-H2 mixture while heating to a higher temperature (typi- 
cally 800°C) to ensure that all adsorbed H2S was removed 
before a new experiment was started. Once further heating 
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Fig. 1. Order plots obtained by Heesink and Van Swaaij (1995) for the sulphidation ofcalcined Wiilfrath 
limestone with H2S at 500, 600, 650 and 700°C (conversion rates calculated at a sulphidation extent of 
30%). 
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Fig. 2. A simplified flowsheet of the applied experimental set-up. 
did not result in any TCD response, all H2S was assumed to the reactor effluent anymore. Sulphidation was subsequently 
be desorbed, carried out at 600°C with a gas mixture consisting of 2 vol% 
All PBR experiments were performed with a single batch H2S and 4 vol% H2 in N2 which was first led through an 
of 250 g sulphided limestone from the German quarry at O2-removing catalyst bed. The H2S content of the reactor 
Wiilfrath which was also used for the sulphidation study effluent was continuously measured by incinerating a small 
performed by Heesink and Van Swaaij (1995). Particles with fraction of the off-gases and measuring the produced amount 
a diameter ranging from 0.5 to 1.4 mm were applied. Table of SO2 by means of infrared analysis. Sulphidation was 
1 gives the composition of the applied limestone in raw, stopped after approximately 4 hwhen no H2S was absorbed 
calcined and sulphided form. Calcination as well as sulphida- anymore. After cooling, 250 g of the sulphided material was 
tion of the limestone were carried out beforehand ina separ- transferred to the PBR. About 1 g was used for mercury 
ate bubbling fluidized-bed reactor. Calcination was per- porosimetric measurement. The specific surface area of the 
formed by heating up to 850°C while fluidizing with N2 and sulphided material was determined at 9.2 m 2 g- 1. To ensure 
was stopped after about 2.5 h when no CO2 was detected in that the adsorption measurements would not be affected by 
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Fig. 3. Demonstration of the applied method to determine adsorption isotherms. The areas enclosed by the 
breakthrough curves of HzS and Ar are a measure of the adsorbed amount of H2S: area 1 is a measure of the 
amount adsorbed at an HzS pressure of 250 Pa; the sum of areas 1 and 2 is a measure of the adsorbed 
amount at an H2S pressure of 500 Pa, etc. 
Table 1. Chemical composition of the applied Wiilfrath porous product layer would be formed upon sulphidation. In 
limestone in raw, calcined and sulphided form (in wt%) that case the rate of sulphidation would be proportional to 
the H2S concentration at the surface of the sulphided prod- 
Component Raw Calcined* Sulphided* uct layer 
CaCO 3 97.20 - -  - -  dX _ P" 
MgCO 3 0.90 - -  - -  dt = a = n2s (1) 
CaO - -  95.90 - -  
CaS - -  - -  98.33 Table 2 shows the best-fit values ofn as derived from the data 
MgO - -  0.76 0.61 depicted in Fig. 4 together with the corresponding 95% 
Si 0.54 0.95 0.76 probability ranges. Although there is quite some scatter in 
Fe 0.09 0.16 0.13 these data all values of n are significantly lower than 0.5 
AI 0.06 0.11 0.09 which is the reaction order in HzS as observed by Heesink 
K 0.03 0.06 0.05 and Van Swaaij (1995) 
Sr 0.03 0.06 0.05 In order to determine the enthalpy and entropy of adsorp- 
tion the raw adsorption data were interpreted assuming 
*Calculated from the composition of raw limestone assum- Langmuir adsorption, both with and without dissociation of 
ing complete calcination and sulphidation, the adsorbed H2S molecules. When no dissociation occurs 
the following equation applies: 
1 1 1 
+ (2) 
sulphidation of CaO traces, that possibly remained after tr a,,, a,,,bPn2s 
sulphidation in the fluidized-bed reactor, the bed material 
where a represents the actual surface concentration of H2S was further sulphided in the PBR by leading through a gas 
mixture consisting of 2 vol% H2S, 4 vol% H2 and balance (in mol m-z),  am the maximum surface concentration (when 
He while maintaining the PBR at a temperature of 700°C. all sites are occupied) and b the Langrauir adsorption con- 
After some 2 h the H2S concentration i  the effluent was stant defined as 
found to stabilize at the adjusted value of 2 vol% and sul- ( as°,dA / -an°,d,~ phidation was concluded to be complete, b: exPtW)exPt  ) <3t 
where AS°ds and AH°a,, respectively, represent the difference 3. RESULTS AND DISCUSSION 
between the entropies and the difference between the en- 
Figure 4 shows the raw results of the adsorption experi- thalpies of adsorbed H2S and ideally gaseous H2S. In gvn- 
ments. The given values of the surface concentration, a, were eral, these values do not depend much on the temperature 
calculated on the basis of the initial surface area of the and are therefore assumed to be constant in the relevant 
sulphided limestone which was 9.2 m 2 g -  1. However, mer- temperature ange (450-700°C). The value of - AH°ds is also 
cury porosimetric measurement did show that the bed ma- referred to as heat of adsorption, Qad,. When the H2S 
terial had suffered from sintering during its one week stay in molecules dissociate upon adsorption, a can be calculated 
the PBR, resulting in a specific surface area of 4.9 m 2 g-1 from 
after completion of the last experiment. It is however eason- 
able to assume that the specific surface area did not change 1 1 1 
- + (4 )  
dramatically during the measurement of a single isotherm a o-,,, om bx//~~H~s" 
which took about 4 h. Therefore, the obtained results can be 
used to predict the apparent reaction order in H2S if a non- The raw adsorption data were evaluated by fitting the results 
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Fig. 4. Measured isotherms for the adsorption of H2S on sulphided Wiilfrath limestone; (horizontal axis) 
log Pn2s (Pa); (vertical axis) logo (tool m- 2). 
Table 2, Best-fit values of n for the adsorp- Table 3. Correlation between experimental data and data 
tion of H2S on sulphided Wfilfrath lime- predicted on basis of Langmuir-type adsorption 
stone together with the 95% probability 
ranges R 2 Langmuir with 
Temperature R 2 Langmuir dissociation 
Temperature (°C) n (dimensionless) (°C) (dimensionless) (dimensionless) 
450 0.22 + 0.07 450 0,861 0.881 
500 0.32 + 0.07 500 0.783 0.863 
550 0.40 _ 0.06 550 0.941 0.969 
600 0.27 + 0.07 600 0.739 0.750 
650 0.34 _ 0.07 650 0.970 0.960 
700 0.41 + 0.07 700 0.926 0.947 
Average 0.870 0.895 
with eqs {2) and (4). The correlation between the experi- 
mental results and those predicted on the basis of the two Table 4 summarizes the best fit values of tr,, and b as 
adsorption isotherms i given in Table 3. Overall, the best fits obtained on the basis of eq. (4). Due to sintering as well as 
are obtained by assuming dissociative Langmuir adsorption experimental errors the values of am vary somewhat but 
though the differences are quite small. Fragments possibly typically amount o 1 #moi m-2. This value compares teas- 
formed by dissociation are H and HS (Anderson, 1971). onably with the value of 0.14 #molm -2 that Thomas and 
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Fig. 5. Arrhenius plot of the Langmuir adsorption constant b for the system HzS-sulphided Wiilfrath 
limestone; dissociative Langmuir adsorption assumed. Q~d,(95%) = 81 + 22 kJ mol-~. 
Table 4. Best-fit values of a m and b HzS-CaS system would correspond with the value of n as defined by eq. (1), 
assuming dissociative Langmuir adsorption This value was found to range from 0.22 + 0.07 at 450°C to 
0.41 + 0.07 at 700°C, whereas Heesink and Van Swaaij 
Temperature a m b (1995) observed a reaction order of 0.5 at all temperatures. 
(°C) (/~mol m-2) (Pa- 1) We therefore conclude that adsorption of H2S at the surface 
of the sulphided product layer is not a relevant step in the 
450 0.38 2.04 x 10-3 sulphidation mechanism. This implies that the product layer 
500 0.75 5.80 x 10 -4 remains porous during sulphidation and that reaction at the 
550 0.67 2.55 x 10 -4 surface of the unreacted CaO governs the rate of sulphida- 
600 0.66 9.50 x 10 -4 tion. 
650 1.13 1.11 x 10 -4 
700 1.21 5.02 x 10- s 
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The observation of a low surface coverage and a relatively NOTATION 
high heat of adsorption indicate that the adsorption of H2S b Langrnuir adsorption constant, Pa - 1 
on sulphided limestone belongs to the category of entropi- n reaction order in H~S, dimensionless 
cally ideal site adsorption as defined by de Boer and Kruyer Pa2s partial H2S pressure, Pa 
(1952). Confirmation for this can be obtained by comparing Q,a, heat of adsorption ( = o - AHaas), J mol- 1 
the obtained value of AS°d, with the value that is predicted R gas constant, J reel- 1 K -  1 or correlation coeffi- 
on the basis of the theory of entropically ideal site adsorp- cient, dimensionless 
tion. These values, respectively, amount o about - 167 and t time, s 
- 175 J mol - 1 K - ~ in the relevant emperature range. In T temperature, K 
case of entropically ideal mobile adsorption, the adsorbed X sulphidation extent, dimensionless 
H2S would act as a two-dimensional gas and AS]d, would 
amount to about -52  J mol-a K-a.  It is therefore con- Greek letters 
eluded that the adsorbed H2S molecules are practically ira- o AH.d~ enthalpy difference between gaseous and ad- 
mobile, sorbed material, J reel - 1 
o AS,,t, entropy difference between gasesous and ad- 
4. CONCLUSIONS sorbed material, J reel - ~ K - 1 
If a non-porous product layer is formed during the sul- 6 surface concentration, reel m -2 
phidation of calcined limestone the reaction order in H2S t ry ,  maximum surface concentration, mol m-2 
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